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Abstract
Hydrogels are commonly used as scaffolds for the preparation of three-dimensional tissue
constructs and for the encapsulation and delivery of cells in regenerative medicine. Polyesters are
an attractive class of polymers for hydrogel preparation. However, most polyesters have
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hydrophobic backbones and lack pendent groups that can be chemically functionalized. We
describe here the development of water-soluble polyesters based on aspartic acid and
poly(ethylene glycol) (PEG) (600 or 1500 g/mol), having pendent reactive amines. The reactivity
of these amines with methacrylic anhydride, maleic anhydride, and itaconic anhydride was
explored for the introduction of crosslinkable groups. The resulting methacrylamidefunctionalized polymers were successfully crosslinked to form hydrogels using a redox-initiated
free radical polymerization. The use of 10% (weight/volume) of polymer, and 10 mM of
potassium persulfate and tetramethylethylenediamine led to high (> 97%) gel content, and
compressive moduli of 13 – 21 kPa. Human adipose-derived stromal cells were encapsulated
during the crosslinking process and exhibited greater than 80% viability in the hydrogels
prepared from the polyester containing 600 g/mol PEG, with lower viability observed for the
polymer containing 1500 g/mol PEG. These results support the potential for aspartic acid-based
copolymers with short PEG chains in the backbone to serve as a platform for cell encapsulation,
with additional opportunities for further functionalization available in the future.
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Introduction
There is significant interest in polymeric hydrogels in the field of regenerative medicine for their
abilities to encapsulate and deliver cells, and to serve as scaffolds for tissue constructs [1-3].
These hydrogels can be prepared from biopolymers such as collagen [4], hyaluronic acid [5],
alginate [6], and chitosan [7] or from synthetic polymers such as poly(ethylene glycol) (PEG) [8,
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9], polyesters [9-11], poly(ester amide)s [12, 13], and poly(hydroxyethyl methacrylate) [14].
Some advantages of biopolymer hydrogels include their degradability and capacity to mimic
aspects of the extracellular matrix of native tissues. However, biopolymers can be challenging to
isolate reproducibly from natural sources and exhibit limitations in terms of the potential to tune
their structures and the mechanical properties of the resulting hydrogels [15]. On the other hand,
synthetic polymers exhibit a high degree of chemical and mechanical tunability, but often lack
the innate biochemical cues provided by biopolymers.
Polyesters are a class of synthetic polymers that have been extensively investigated for
the development of hydrogels for regenerative medicine. They can be easily synthesized and
degrade gradually through enzymatic and non-enzymatic hydrolysis, often releasing products
such as lactic acid, glycolic acid, fumarate, or caprolactone, which can be metabolically
processed in vivo [16-18]. However, most polyesters are hydrophobic. Polyesters such as
poly(lactic acid) [19, 20] and polycaprolactone [21, 22] have been incorporated as particles or
electrospun fibres within hydrogels formed from hydrophilic polymers. These polyesters have
also been widely used for the preparation of block copolymers with PEG, which exhibit thermoresponsive gelation [10, 23, 24]. Oligo(poly(ethylene glycol) fumarate) (OPF) is an example of a
water-soluble polyester that can be directly used for hydrogel preparation [18, 25]. However, the
fumarate double bond exhibits relatively low reactivity compared to other polymerizable groups
such as acrylates and acrylamides, so crosslinker molecules or accelerators are often required
during gelation [26, 27]. Dendritic and hyperbranched polyesters have also been investigated for
hydrogel formation, as their multiple pendent hydroxyls can be modified to introduce
polymerizable groups, while using linear PEG blocks or residual hydroxyls to retain watersolubility [28-32].
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Over the past couple of decades, there has been significant progress in the development
of synthetic amino acid-containing polymers. This approach can benefit from the biological
properties imparted by the amino acids, such as their recognition by enzymes and other proteins,
while maintaining the structural tunability of synthetic polymers. Most examples of synthetic
polymers containing amino acids have been polypeptides [33, 34], poly(ester amide)s [35-37],
and poly(ester urethane)s [38-41]. Recently, Jayakannin and coworkers developed L-amino acidbased polyesters through the melt polycondensation of L-glutamic and L-aspartic acid (Asp)
derivatives with aliphatic diols [42-44]. These polyesters were used to prepare helical fibrils as
well as nanoassemblies for drug delivery and bioimaging. However, the backbones of these
polymers were hydrophobic and they could not be used for hydrogel preparation.
For the current work, we envisioned that if an Asp-based polyester backbone could be
made hydrophilic, then the a-amines could be used to introduce crosslinkable groups, and also
potentially serve as sites for the further chemical functionalization of polyester hydrogels (Figure
1). For example, pendent groups can be used to conjugate bioactive moieties to promote cell
adhesion and modulate cell differentiation. These Asp-containing polyesters could thereby serve
as a potential new polymer platform for regenerative medicine applications. Towards this goal,
we report here the preparation of new polyesters based on Asp and 600 and 1500 g/mol PEG, as
well as investigations into their functionalization with methacrylic anhydride, maleic anhydride,
and itaconic anhydride for the preparation of hydrogels. The physical properties of the hydrogels
are described, and it is demonstrated that human adipose-derived stromal cells (ASCs) can be
encapsulated into the hydrogels during crosslinking and maintain high viability over 7 days.
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Figure 1. Structure of a water-soluble Asp-based polyester with functionalizable pendent
amines.
Experimental
General materials. BOC-L-Aspartic acid dimethyl ester monomer (BOC-Asp-DME) was
synthesized as previously reported [42]. PEG diol with a molar mass of 600 g/mol (PEG 600)
was purchased from TCI America (Portland, OR, USA). PEG diol with molar mass of 1500
g/mol (PEG 1500) and maleic anhydride were purchased from Alfa Aesar (Haverhill, MA,
USA). Itaconic anhydride and potassium persulfate (KPS) were purchased from Acros Organics
(Waltham, MA, USA). Pyridine, triethylamine (NEt3), trifluoroacetic acid (TFA), and N,Ndimethylacetamide (DMA) were purchased from Caledon Laboratories Inc. (Georgetown,
Canada). Methacrylic anhydride and titanium (IV) butoxide (Ti(OBu)4) were purchased from
Sigma Aldrich (St. Louis, MO, USA). All other chemicals were purchased from Fisher Scientific
(Waltham, MA, USA). Phosphate buffered saline (PBS) tablets were dissolved according to the
manufacturer’s directions to yield a pH 7.4 solution containing 10 mM phosphate buffer, 2.7 mM
KCl, and 137 mM NaCl. PEG 600 and PEG 1500 were dried via two azeotropic distillations with
toluene. CH2Cl2, DMA, pyridine, and NEt3 were distilled over CaH2 under a nitrogen
atmosphere to remove water. All other chemicals were used as received.
General procedures. 1H and 13C NMR spectra were obtained on a 400 MHz Bruker AvIII HD
instrument. Chemical shifts are reported in ppm and are calibrated against the residual protonated
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solvent signal of CDCl3 or DMSO-d6. Size-exclusion chromatography (SEC) was performed in
N,N-dimethylformamide (DMF) containing 0.1 M LiBr and 1% (volume/volume) NEt3 at 85 °C
using a Waters 515 HPLC pump, a Waters In-Line Degasser AF, two PLgel mixed D (5 μm, 300
x 1.5 mm) columns connected to a corresponding PLgel guard column, and a Wyatt Optilab Rex
RI detector operating at 658 nm. Samples were prepared at ~5 mg/mL in the eluent and filtered
through a 0.22 μm polytetrafluoroethylene (PTFE) syringe filter prior to injection using a 50 μL
loop. The number average molar mass (Mn), weight average molar mass (Mw), and dispersity (Đ)
were determined relative to poly(methyl methacrylate) (PMMA) standards. Samples were run at
a flow rate of 1 mL/min with a run time of 30 min. Dialysis was performed using Spectra/Por 6
dialysis tubing from Spectrum Laboratories (Rancho Dominguez, CA, USA) with a molecular
weight cutoff (MWCO) of 10 kg/mol. Fourier transform infrared (FT-IR) spectra were obtained
using a PerkinElmer FT-IR Spectrum Two instrument with attenuated total reflectance (ATR)
sampling.
Synthesis of Asp-PEG-1500-BOC and representative procedure for the polymerization.
BOC-Asp-DME (1.0 g, 3.8 mmol, 1.0 equiv.) and dried PEG 1500 diol (5.7 g, 3.8 mmol, 1.0
equiv.) were added to a flame dried 100 mL two neck round bottom flask. The flask was heated
to 100 °C and then purged with nitrogen and subsequently evacuated under vacuum with
constant stirring. The purging and evacuation were repeated three times, followed by the addition
of Ti(OBu)4 (12 mg, 0.038 mmol, 1.0 mol%). The reaction mixture was then heated to 120 °C
and stirred under nitrogen for 4 h, during which oligomers were generated. The reaction was then
slowly switched to high vacuum and heated for an additional 3 h. The reaction mixture was then
cooled to room temperature, diluted in CH2Cl2 (20 mL), and precipitated in cold Et2O (200 mL)
to afford 5.0 g (76% yield) of the polymer product. 1H NMR (CDCl3, 400 MHz): δ 5.60-5.54 (m,
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1H), 4.63-4.52 (m, 1H), 4.35 – 4.21 (m, 4H), 3.77–3.50 (m, 132H), 3.09–2.89 (m, 1H), 2.88–
2.82 (m, 1H), 1.45 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 170.9, 170.7, 155.3, 72.5, 70.1, 68.8,
64.6, 64.0, 61.7, 51.9, 49.9, 36.8, 28.3. FT-IR: 2870, 1720, 1715, 1640 cm-1. SEC: Mn = 12.1
kg/mol, Mw = 22.1 kg/mol, Đ = 1.83.
Synthesis of Asp-PEG-600-BOC. This polymer was synthesized by the same procedure as AspPEG-1500-BOC except that the following quantities were used: BOC-Asp-DME (5.0 g, 19
mmol, 1.0 equiv.); PEG 600 diol (11 g, 19 mmol, 1.0 equiv.); Ti(OBu)4 (65 mg, 0.19 mmol, 1.0
mol%) to provide 11 g (76% yield) of the polymer product. 1H NMR (CDCl3, 400 MHz): δ 5.605.52 (m, 1H), 4.65-4.55 (m, 1H), 4.38-4.19 (m, 4H), 3.77-3.55 (m, 54H), 3.05-2.93 (m, 1H),
2.92-2.79 (m, 1H), 1.44 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 170.9, 155.4, 79.9, 70.1, 68.8,
68.7, 64.0, 49.9, 36.7, 28.3, 28.2. FT-IR: 2870, 1720, 1715, 1640 cm-1. SEC: Mn = 12.2 kg/mol,
Mw = 29.4. kg/mol, Đ = 2.41.
Synthesis of Asp-PEG-1500 and representative procedure for the removal of the BOC
protecting group. Asp-PEG-1500-BOC (5.0 g, 2.9 mmol, 1.0 equiv. of BOC groups) was
dissolved in dry CH2Cl2 (20 mL) and cooled to 0 °C. TFA (5.0 mL, 29 mmol, 10 equiv. relative
to BOC groups) was added dropwise to the reaction. The reaction was warmed to room
temperature and stirred for 2 h. The solvent was then removed under reduced pressure and the
product was precipitated in cold Et2O (100 mL). The product was then dried overnight in vacuo
to afford 4.8 g (95% yield) of the deprotected polymer product. 1H NMR (CDCl3, 400 MHz): δ
4.54-4.37 (m, 1H), 4.35–4.12 (m, 4H), 3.78–3.35 (m, 132H), 3.29–3.15 (m, 1H), 3.14–2.78 (m,
1H). FT-IR: 2970, 2690, 2540, 1780 cm-1. SEC: Mn = 8.46 kg/mol, Mw = 24.1 kg/mol, Đ = 2.85.
Synthesis of Asp-PEG-600. The deprotection of PEG-600-Asp-BOC was carried out using the
same procedure for that of Asp-PEG-1500, except that PEG-600-Asp-BOC (5.00 g, 6.16 mmol,
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20.2 equiv.), CH2Cl2 (20.0 mL) and TFA (10.0 mL, 59.0 mmol) were used to afford 4.7 g (94%
yield) of polymer. 1H NMR (CDCl3, 400 MHz): δ 4.56-4.47 (m, 1H), 4.43–4.18 (m, 4H), 3.83–
3.56 (m, 54H), 3.29–3.18 (m, 1H), 3.07–2.87 (m, 1H). FT-IR: 2970, 2690, 2540, 1780 cm-1.
SEC: Mn = 8.61 kg/mol, Mw = 15.4 kg/mol, Đ = 1.79.
Functionalization of the polymer with methacrylic anhydride (ME), synthesis of Asp-PEG1500-ME. Asp-PEG-1500 (2.0 g, 1.2 mmol, 1.0 equiv. of pendent amine) was added to a 250
mL flame dried round bottom flask. DMA (60 mL) was added and the polymer was fully
dissolved. Dry NEt3 (8.1 mL, 0.058 mol, 50 equiv.) was then added dropwise to the solution and
stirring continued for 10 min. Methacrylic anhydride (0.69 mL, 4.7 mmol, 4.0 equiv.), was then
added dropwise to the solution. The flask was then submerged in an oil bath and heated to 70 °C
under nitrogen with stirring for 10 h. The flask was cooled to room temperature and the polymer
solution was dialyzed against 500 mL of acetone. After 24 h, the acetone was replaced with
water and dialysis was continued for 8 h. The resulting solution was then lyophilized to afford
1.4 g (72% yield) of polymer. 1H NMR (CDCl3, 400 MHz): δ 6.94-6.83 (m, 0.6H), 6.35-6.30 (m,
0.2H), 6.14 (s, 0.2H), 5.78 (s, 0.9H), 5.60-5.57 (m, 0.3H), 5.40 (s, 0.7H), 4.95–4.85 (m, 1H),
4.41-4.18 (m, 4H), 3.85–3.50 (m, 132H), 3.15–3.03 (m, 1H), 2.99–2.88 (m, 1H), 2.06–1.93 (m,
3H). 13C NMR (CDCl3, 100 MHz): δ 170.9, 170.7, 167.8, 139.3, 125.7, 120.5, 70.1, 69.1, 68.8,
68.7, 64.8, 64.0, 63.8, 61.6, 48.6, 36.1, 18.4. FT-IR: 2880, 1730, 1670, 1630 cm-1. SEC: Mn =
14.5 kg/mol, Mw = 29.3 kg/mol, Đ = 2.02.
Synthesis of Asp-PEG-600-ME. Synthesis of Asp-PEG-600-ME was carried out using the same
procedure as for Asp-PEG-1500-ME except that Asp-PEG-600 (2.0 g, 2.5 mmol, 1.0 equiv. of
pendent amine), NEt3 (17 mL, 0.12 mol, 50 equiv.), and methacrylic anhydride (1.5 mL, 9.9
mmol, 4.0 equiv.) were used to give 1.4 g (72% yield) of polymer. 1H NMR (CDCl3, 400 MHz):
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δ 6.9-6.8 (m, 0.6H), 6.35-6.29 (m, 0.2H), 6.14 (s, 0.2H), 5.78 (s, 0.9H), 5.60-5.57 (m, 0.2H),
5.40 (s, 0.6H), 4.97-4.79 (m, 1H), 4.41-4.18 (m, 4H), 3.85-3.59 (m, 54H), 3.15-3.05 (m, 1H),
2.99-2.90 (m, 1H), 2.04-1.94 (m, 3H). 13C NMR (DMSO-d6, 100 MHz): δ 171.1, 170.5, 170.3,
170.1, 167.9, 139.6, 136.2, 134.7, 129.5, 126.2, 120.4, 70.1, 68.7, 64.8, 64.7, 64.2, 64.1, 49.4,
49.3, 36.2, 35.8, 18.8, 18.4, 18.1. FT-IR: 2870, 1730, 1670, 1630 cm-1. SEC: Mn = 9.02 kg/mol,
Mw = 16.9 kg/mol, Đ = 1.87.
Functionalization of the polymer with maleic anhydride (MA), synthesis of Asp-PEG-1500MA. Asp-PEG-1500 (2.0 g, 1.2 mmol, 1.0 equiv. of pendent amine) was added to a 250 mL
flame dried round bottom flask. Dry DMA (60 mL) was added and the polymer was fully
dissolved. Dry NEt3 (8.1 ml, 58 mmol, 50 equiv.) was then added dropwise to the solution and
stirring continued for 10 min. Dry pyridine (2.4 ml, 29 mmol, 25 equiv.) was then added to the
mixture and stirring was continued for 5 min. Maleic anhydride (0.46 g, 4.7 mmol, 4.0 equiv.)
was then added dropwise to the solution. The flask was then left to stir at room temperature for
10 h under nitrogen. Excess pyridine and NEt3 were removed in vacuo and then the solution was
dialyzed against 500 mL of acetone. After 24 h, the acetone was replaced with water and the
dialysis was continued for 8 h. The resulting solution was then lyophilized to afford 1.7 g (78%
yield) of polymer. 1H NMR (CDCl3, 400 MHz): δ 6.60–6.18 (m, 2H), 5.02–4.86 (m, 1H), 4.48–
4.19 (m, 4H), 3.90–3.50 (m, 132H), 3.16–2.96 (m, 2H). 13C NMR (CDCl3, 100 MHz): δ 169.9,
169.3, 166.2, 164.8, 135.8, 133.8, 131.3, 127.6, 72.5, 70.8, 70.5, 70.4, 70.3, 70.1, 68.7, 68.6,
68.5, 65.0, 64.7, 63.8, 49.6, 35.7. FT-IR: 2880, 1730, 1635, 1590, 1560 cm-1. SEC: Mn = 6.29
kg/mol, Mw = 21.5 kg/mol, Đ = 3.42.
Synthesis of Asp-PEG-600-MA. Synthesis of Asp-PEG-600-MA was carried out using the
same procedure as for Asp-PEG-1500-MA except that Asp-PEG-600 (2.0 g, 2.5 mmol, 1.0
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equiv.), NEt3 (17 mL, 0.12 mol, 50 equiv.), pyridine (5.0 ml, 61 mmol, 25 equiv.), and maleic
anhydride (0.97 g, 9.8 mmol, 4.0 equiv.) were used to give 1.4 g (72% yield) of polymer. 1H
NMR (CDCl3, 400 MHz): δ 6.61-6.23 (m, 2H), 4.99-4.88 (m, 1H), 4.45-4.21 (m, 4H), 3.77-3.60
(m, 54H), 3.15-3.00 (m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ 170.4, 170.2, 166.9, 165.1,
162.8, 133.1, 130.2, 71.2, 68.6, 68.5, 64.9, 64.3, 49.1, 46.1, 36.2, 35.9, 31.2. FT-IR: 2870, 1720,
1675, 1635, 1590, 1560 cm-1. SEC: Mn = 7.12 kg/mol, Mw = 33.0 kg/mol, Đ = 4.63.
Hydrogel preparation. Hydrogels were prepared by dissolving the polymers in PBS at pH 7.4
to achieve final solutions with polymer concentrations of 10 and 20% mass/volume (m/v). Stock
solutions of KPS and tetramethylethylenediamine (TEMED) were prepared at 100 mM
concentration. Gels were formed by adding KPS and TEMED sequentially, achieving a final
molar concentration of 10 mM or 20 mM of each reagent depending on the formulation. The
solutions were then drawn up in 1 mL syringes and incubated at 37 °C for 20 min.
Gel content and water content. Immediately following crosslinking, the initial mass (mi) of the
hydrogel was measured and the theoretical mass (mt) was calculated based on the amount of
polymer used in the gel preparation. The hydrogels were then swollen in PBS for 24 h to remove
any un-crosslinked material, and the swollen mass (ms) was measured. To remove the salts, the
hydrogels were submerged in distilled water for 3 h. They were then frozen in liquid nitrogen,
lyophilized, and their dry masses (md) were measured. The experiments were completed in
triplicate for each hydrogel formulation. The gel content and water content were calculated using
the equations (1) and (2) respectively.
𝐺𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

!!
!"

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑥 100%
!# "!!
!#

𝑥 100%

(1)
(2)
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Mass swelling ratio. The initially prepared hydrogels were weighed and their masses (mi) were
recorded. The hydrogels were then submerged in PBS at 37 °C and swollen for 24 h, upon which
no further mass gain was observed. The swollen mass (ms) was then recorded. The experiment
was performed in triplicate for each hydrogel formulation. The mass swelling ratio was
calculated using the following equation:
𝑀𝑎𝑠𝑠 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =

!# "!$
!$

𝑥 100%

(3)

Compression testing. The hydrogels were prepared as described above, in 1 mL syringes and
cut into disks with diameters of 5 mm and heights of 2 mm. The compressive moduli were
determined using a CellScale MicroTester system (Waterloo, ON, Canada). In brief, a microscale parallel-plate compression configuration fitted with a 558.8 μm diameter cantilever was
used to test the hydrogels. The hydrogels were placed in a PBS bath at 37 ℃ and the cantilever
was lowered until the upper compression plate made contact with the hydrogel. The hydrogels
were compressed to a total strain of 15% at a rate of 0.6%/s for a total of 6 cycles. The
compressive modulus of each gel was determined from the slope of the stress–strain curve
between 5 and 10% strain averaged over 6 – 9 compression cycles (from cycles 4 – 6) from 2-3
different hydrogels. The data were analyzed by a student t-test (p < 0.05).
Cell encapsulation and viability. Human ASCs were isolated and cultured as previously reported
[45], in compliance with the protocol approved by the Human Research Ethics Board at Western
University (HSREB #105426). Asp-PEG-600-ME and Asp-PEG-1500-ME were dissolved in PBS
to achieve a final polymer concentration of 10% (m/v). Passage 4 (P4) ASCs were suspended in
proliferation medium, comprised of DMEM:Ham’s F12 nutrient mixture (1:1) (Sigma)
supplemented with 10% fetal bovine serum (FBS, VWR) and 1% penicillin-streptomycin solution
(pen-strep, Gibco), at 7.5 × 106 cells/mL and combined with the polymer solution for hydrogel
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encapsulation at a ratio of 80:20 polymer solution:ASC suspension (v/v). Solutions of KPS and
TEMED were then sterile-filtered and added sequentially to obtain a final concentration of 10 mM
of each reagent. Solutions were then drawn up into 1 mL syringes and incubated at 37 °C for 20
min. Immediately after crosslinking, the hydrogels were cut into 50 μL volume disks, each
containing ~ 1.25 × 105 cells, transferred into 12-well inserts (Greiner Bio-one, Germany), and
cultured in proliferation medium at 37 °C with 5% CO2. Viability of encapsulated ASCs was
assessed at 24 h, 72 h, and 7 d after encapsulation (n = 3 replicate hydrogels) using the
LIVE/DEAD®Viability/Cytotoxicity Kit for mammalian cells (Cat. # L-3224; Life Technologies
Inc., Burlington, ON, Canada). During preparation, the hydrogels were rinsed twice in PBS before
incubation in 1X staining solution for 45 min at 37 °C. Next, the hydrogels were rinsed two times
with PBS before imaging using a Zeiss LSM 800 confocal microscope (Zeiss Canada, Toronto,
ON, Canada). The complete cross-sectional area of each hydrogel was imaged at 5X magnification
and mosaic images were generated using the Zen software (Zeiss Canada) stitching command. A
total of 5 layers, separated by 100 μm, were imaged for each hydrogel sample. Image J analysis
software was used to quantify the number of live and dead cells in each layer in order to calculate
the average cell viability and live cell density for each group. Data were analyzed by two-way
ANOVA with a Tukey’s post-hoc comparison of the means.

Results and discussion
Polymer synthesis. Water-soluble, functionalized polyesters were synthesized by a metalcatalyzed condensation-type polymerization in the bulk, with PEG introduced into the backbone
to impart water-solubility. BOC-Asp-DME was synthesized as previously reported [42].
Polyesters were then synthesized through a transesterification reaction with PEG 1500 or PEG
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600 diol at 120 °C and using Ti(OBu)4 as a catalyst (Scheme 1). The reaction was conducted
under a nitrogen environment for 4 h, then in vacuo for 3 h to complete the removal of methanol
and promote polymerization, providing Asp-PEG-600-BOC and Asp-PEG-1500-BOC. PEG 600
and PEG 1500 were sufficient to impart water solubility to the resulting polymers, whereas the
use of PEG 200 (200 g/mol) did not lead to water-soluble products. To prevent undesired
removal of the BOC group and subsequent side reactions of the primary amine on Asp, the
temperature of the reaction and time spent under reduced pressure had to be controlled. Reaction
temperatures exceeding 120 °C or times greater than 3 h during the in vacuo phase resulted in
undesired crosslinking at this stage.

PEG 600, x = ~14,
PEG 1500, x = ~34

O
O
O

HN

O
O

O
BOC-Asp-DME

H

O
x

OH

120 oC, Ti(OBu)4
4 h under N2
3 h in vacuo

TFA

O
O

HN

O
O
O

O

NH3

CH2Cl2, TFA
O
x n

25

oC,

Asp-PEG-600-BOC (from PEG 600)
Asp-PEG-1500-BOC (from PEG 1500)

2h

O
O

O
x n

Asp-PEG-600
Asp-PEG-1500

Scheme 1. Synthesis of water-soluble Asp-containing polyesters.

After precipitation in cold diethyl ether, Asp-PEG-600-BOC and Asp-PEG-1500-BOC
were characterized by NMR spectroscopy, IR spectroscopy, and SEC. 1H NMR spectra were
consistent with the expected polymer structures, with peaks at 4.2 – 4.3 ppm corresponding to
the -CH2- protons on the PEG adjacent to the esters, remaining PEG protons at 3.7 ppm, and
peaks corresponding to the BOC-protected Asp units at 5.6, 4.6, 2.8 – 3.1, and 1.5 ppm (Figure
2a, Figures S1-S2). FT-IR spectra were also consistent with the proposed structures of the
polymers, with peaks at 2870, 1715-1720, and 1640 cm-1, corresponding to C-H stretching, ester
C=O stretching, and carbamate C=O stretching (Figures S15-S16). The Mn values for both
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polymers were approximately 12 kg/mol with Đ values of 1.83 and 2.41 relative to PMMA
standards in DMF (Table 1, Figure S19).

Figure 2. 1H NMR spectra (CDCl3, 400 MHz) of a) Asp-PEG-600-BOC and b) Asp-PEG-600
showing the removal of BOC group, as evidenced by the loss of the peaks at 5.6 and 1.5 ppm in
Asp-PEG-600.

Table 1. Molar masses of Asp-PEG-BOC and Asp-PEG polymers, as determined by SEC in
DMF relative to PMMA standards.
Polymer

Mn (kg/mol)

Đ

Asp-PEG-1500-BOC

12.1

1.83

Asp-PEG-600-BOC

12.2

2.41

Asp-PEG-1500

8.46

2.85

Asp-PEG-600

8.61

1.79
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Asp-PEG-1500-ME

14.5

2.02

Asp-PEG-600-ME

9.02

1.87

Asp-PEG-1500-MA

6.29

3.42

Asp-PEG-600-MA

7.12

4.63

Removal of the BOC groups from the polymers was achieved using 4:1 dry CH2Cl2:TFA.
Successful deprotection was verified by loss of the peaks corresponding to the tert-butyl and
carbamate N-H protons at 1.5 and 5.6 ppm respectively in the 1H NMR spectra (Figure 2b,
Figures S3-S4). In the FT-IR spectra, new peaks corresponding to N-H stretching of the
resulting pendent ammonium groups appeared at 2690 and 2540 cm-1 and the ester C=O
stretching peak moved to 1780 cm-1 (Figures S15-S16). SEC analysis indicated a reduction in Mn
to approximately 8.5 kg/mol, which could be attributed to column interactions of the resulting
charged groups on the polymers or to a small amount of backbone cleavage (Table 1, Figure
S19).

Polymer functionalization with crosslinkable pendent groups. Methacrylamidefunctionalized polymers such as gelatin [46], collagen [47], and chitosan [48] have been
explored for hydrogel formation and can be crosslinked through a number of different processes
including thermal, redox, ultraviolet (UV) light, electron beam, and g-irradiation initiated
polymerization. Methacrylic anhydride was reacted with Asp-PEG-600 and Asp-PEG-1500 at a
4:1 molar ratio relative to pendent amines on the polymers, in the presence of excess NEt3 in
DMA to give the functionalized polymers Asp-PEG-600-ME and Asp-PEG-1500-ME (Scheme
2). Heating the reaction at 70 °C yielded higher degrees of functionalization than performing the
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reaction at 25 °C. The degree of functionalization was determined using 1H NMR spectroscopy
by fixing the integrals of the PEG peaks at 3.7 ppm and comparing them to the integral for the
peak at 2.0 ppm corresponding to the CH3 of the methacrylate (Figure 3a, Figures S5-S6). In
each case, the conversion was greater than 95%. The FT-IR spectra were also consistent with the
proposed structures as peaks at 2690 and 2540 cm-1 corresponding to the pendent ammonium
groups disappeared and peaks corresponding to the new pendent acrylamide groups appeared at
1670 and 1630 cm-1 (Figures S17-S18). The molar masses and dispersities measured by SEC for
Asp-PEG-600-ME and Asp-PEG-1500-ME did not change substantially compared to the molar
masses of the initial polymers (Figure S20).
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Scheme 2. Synthesis of Asp containing polyesters with pendent crosslinkable groups.
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Figure 3. 1H NMR spectra (CDCl3, 400 MHz) of a) Asp-PEG-600-ME, b) Asp-PEG-600-MA,
and c) the product of the reaction of Asp-PEG-600 with itaconic anhydride. Spectra of Asp-PEG600-ME and Asp-PEG-600-MA clearly show the presence of the pendent functional groups,
while the reaction with itaconic anhydride led to broad peaks, likely due to crosslinking.

We recently demonstrated that the functionalization of poly(ester amide)s with maleic
anhydride provided pendent alkenes and carboxylic acids [49]. The alkenes were used to
crosslink three-dimensional scaffolds during scaffold fabrication by the salt leaching method,
while carboxylic acids on the resulting scaffolds were successfully conjugated to proteins.
Therefore, the functionalization of Asp-PEG-600 and Asp-PEG-1500 with maleic anhydride was
investigated. The pendent amines on the polyesters were reacted with 4 equiv. of the anhydride
in the presence of excess NEt3 and pyridine in DMA at ambient temperature, providing Asp17

PEG-600-MA and Asp-PEG-1500-MA. The degree of functionalization was determined by 1H
NMR spectroscopy based on the integral of the peak at 4.9 ppm corresponding to the methine
proton adjacent to the resulting pendent amide, which was shifted downfield compared to the
peak corresponding to the pendent amine in the starting polymer (Figure 3, peak labeled as ‘d’).
Based on this analysis, greater than 95% of the pendent amines in Asp-PEG-600-MA were
functionalized and 92% of the amines in Asp-PEG-1500-MA were functionalized (Figures S7S8). Heating the reaction to 70 °C or increasing the concentration of the reaction mixture resulted
in crosslinking of the polymer. As for the methacrylate-functionalized polymers, FT-IR spectra
showed the disappearance of peaks corresponding the pendent ammonium groups and new peaks
were observed at 1675 and 1635 corresponding to the amide-conjugated maleic acid moieties
(Figure S17-S18). In SEC, a small shoulder was observed in the higher molar mass region,
indicative of a small amount of polymer crosslinking during the functionalization reaction. In
addition, some tailing was also observed, likely due to interactions of the pendent carboxylates
with the column. Combined, these factors led to lower Mn values, and higher Đ values for AspPEG-600-MA and Asp-PEG-1500-MA compared to the starting polymers.
Furthermore, as an alternative means to introduce both polymerizable alkenes and
carboxylic acids for biomolecule conjugation, we also explored the functionalization of the
pendent amine groups on the polymer with itaconic anhydride. Itaconate is an attractive chemical
building block as it can be sourced through bio-based processes including the fermentation of
Aspergillus terreus and Aspergillus itaconicus [50], and is also an important regulator of
infection and inflammation [51]. Various conditions were explored, and the use of 4 equiv. of
itaconic anhydride in the presence of excess NEt3 and pyridine led to some reaction, as
evidenced by the shift in the methine peak adjacent to the pendent amines from 4.6 to 4.9 ppm in
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the product (Figure 3c, peak labeled as ‘d’). However, all the peaks were broad and the product
exhibited low solubility, suggesting that the polymer likely crosslinked. Crosslinking remained a
problem even with attempts to prevent it by varying the reaction concentration, time, and
temperature, as well as purifying itaconic anhydride by sublimation prior to the reaction [52].
Therefore, the itaconate-functionalized polymers were not further characterized or explored.

Hydrogel preparation and characterization. Free radical-based crosslinking of Asp-PEG-600ME, Asp-PEG-1500-ME, Asp-PEG-600-MA, and Asp-PEG-1500-MA to form hydrogels was
investigated using KPS/TEMED at 37 °C as an initiation system. This initiation system has also
been shown to be well-tolerated in vitro and in vivo [24, 53, 54]. Formulations containing 10 and
20% (m/v) of polymer were explored in combination with either 10 mM or 20 mM of both KPS
and TEMED. Neither Asp-PEG-600-MA or Asp-PEG-1500-MA cured under these conditions,
even with prolonged incubation times. Difficulties in the curing can likely be attributed to the
relatively low reactivity of the internal alkene on the maleic acid-derived pendent groups [55].
However, both Asp-PEG-600-ME and Asp-PEG-1500-ME underwent crosslinking in less than
20 min, due to the higher reactivity of the pendent methacrylamide groups.
After 20 min of curing initiated by KPS/TEMED, the Asp-PEG-600-ME and Asp-PEG1500-ME hydrogels were assessed based on their gel content, water content, and mass swelling
ratio to determine the effects of the different polymer and initiator concentrations (Table 2). In
general, Asp-PEG-600-ME led to higher gel content than Asp-PEG-1500-ME, which was
expected due to the higher density of pendent crosslinkable methacrylamides when the shorter
PEG chain was incorporated. The gel content ranged from 94 – 99% for all of the Asp-PEG-600ME formulations, with the exception of the formulation containing 20% of Asp-PEG-600-ME
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with 10 mM initiator, which had a gel content of only 16%. The reason for this anomaly is not
entirely clear, but considering that Asp-PEG-1500-ME at 20% and 10 mM initiator also had
relatively low gel content (70%) compared to other formulations, these results suggest a possible
mismatch between the rate of generation of initiating species and the concentration of
polymerizable groups in the solution. For Asp-PEG-1500-ME, the gel content ranged from 70 –
97%, with the highest gel content obtained for the formulation containing 10% polymer and 10
mM initiator. The water content of the gels ranged from 80 – 97%. The hydrogel prepared from
20% Asp-PEG-600-ME and 20 mM initiator had the lowest water content, which can likely be
attributed to the short PEG chain in this polymer, as well as the high density of polymer and
crosslinks in the network. Conversely, the Asp-PEG-600-ME hydrogel prepared from 20%
polymer and 10 mM initiator had the highest water content, which correlates with its low gel
content, and presumed low density of crosslinks in the network. Most of the gels exhibited less
than 20% mass swelling in PBS after their preparation, with the exception of the Asp-PEG-600ME formulation with the very low gel content, for the reasons discussed above.

Table 2. Properties of hydrogels prepared from different formulations of Asp-PEG-600-ME and
Asp-PEG-1500-ME. The experiments were performed in triplicate and the data are presented as
the mean ± standard deviation.
Hydrogel formulation (polymer,

Gel

Water

Mass

Compressive

m/v%, initiator concentration)

content

content (mass swelling

modulus

(%)

%)

ratio (%)

(kPa)

Asp-PEG-600-ME (20%, 20 mM)

95 ± 6

80 ± 2

14 ± 6

-

Asp-PEG-1500-ME (20%, 20 mM)

81 ± 2

86 ± 1

19 ± 2

-

20

Asp-PEG-600-ME (20%, 10 mM)

16 ± 6

97 ± 1

48 ± 4

-

Asp-PEG-1500-ME (20%, 10 mM)

70 ± 2

87 ± 1

12 ± 1

-

Asp-PEG-600-ME (10%, 20 mM)

94 ± 4

89 ± 0.3

10 ± 1

-

Asp-PEG-1500-ME (10%, 20 mM)

70 ± 2

93 ± 0.2

16 ± 0.3

-

Asp-PEG-600-ME (10%, 10 mM)

99 ± 16

91 ± 1

14 ± 2

13 ± 6

Asp-PEG-1500-ME (10%, 10 mM)

97 ± 11

91 ± 1

12 ± 1

21 ± 3

Overall, based on their high gel content and the reduced toxicity expected with the lower
10 mM concentration of initiator [54], the hydrogels prepared from Asp-PEG-600-ME and AspPEG-1500-ME at 10% polymer and 10 mM initiator were selected for further study. The
compressive moduli of these hydrogels were measured under unconfined compression. The AspPEG-600-ME and Asp-PEG-1500-ME hydrogels had moduli of 13 ± 6 and 21 ± 3 kPa
respectively (Table 2). These moduli are not significantly different from each other (p > 0.05),
which aligns with their very similar gel content, water content, and mass swelling ratios. These
compressive moduli are similar to those of soft tissues, suggesting their potential for the delivery
of cells to soft tissues [56].

Encapsulation of ASCs. To demonstrate the potential of the hydrogels for cell encapsulation,
we selected human ASCs as an abundant, readily accessible, and easily harvested proregenerative cell source [57, 58]. Their delivery in hydrogel scaffolds has shown promise for
regenerative medicine applications as they can differentiate towards multiple cell lineages in
culture, and can also stimulate in vivo regeneration through the secretion of factors that promote
cell survival and recruitment, enhance angiogenesis, and have immunomodulatory effects [2,
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59]. ASCs were encapsulated into the hydrogels during the gelation process and then assessed at
24 h, 72 h, and 7 days after encapsulation through LIVE/DEAD® imaging analysis by confocal
microscopy (Figure 4a). Greater than 80% viability was observed for the ASCs in the Asp-PEG600-ME hydrogels at all of the time points (Figure 4b). ASCs encapsulated in the Asp-PEG1500-ME hydrogels exhibited approximately 70% viability at 24 h, but cell viability decreased
significantly over time to approximately 50% at 7 days. At 72 h and 7 days, the viability of ASCs
in the Asp-PEG-1500-ME hydrogels was significantly lower than for the Asp-PEG-600-ME
hydrogels. There were no statistically significant differences in the densities of viable cells
between the Asp-PEG-600-ME compared to Asp-PEG-1500-ME hydrogels. Overall these data
suggest that the ASCs tolerated the encapsulation process well. In addition, the Asp-PEG-600ME hydrogels have the potential to provide a suitable platform for ASC culture and delivery,
whereas the Asp-PEG-1500-ME hydrogels provided a less supportive environment. The ability
of the Asp-PEG-600-ME hydrogels to better support the viability of ASCs can likely be
attributed to their lower overall PEG content, as PEG is well known for its resistance to protein
adsorption and cell adhesion [60-62]. Future studies should focus on comparing cell adhesion to
the hydrogels to more fully understand the observed differences in cell viability between the
formulations.
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Figure 4. Viability analysis of ASCs encapsulated in ASP-PEG-600-ME and ASP-PEG-1500ME hydrogels: a) Representative LIVE/DEAD® images of encapsulated ASCs at 24 h, 72 h, and
7 d after encapsulation showing the distribution of live (green) and dead (red) cells. Higher
magnification images of the boxed regions in each complete hydrogel cross-section (scale bar:
500 μm) are shown on the right (scale bar: 100 μm). b) Percent viability and d) average number
of viable ASCs per xy plane in the hydrogels. Data are presented as the mean with error bars
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corresponding to the standard deviations (n = 3 hydrogel replicates). Data were analyzed by twoway ANOVA with a Tukey’s post-hoc comparison of the means (*p<0.05 and **p<0.01)

Conclusions. Water-soluble polyesters with pendent amine groups were successfully synthesized
based on PEG 600 and PEG 1500 and Asp. The pendent amines could be functionalized with
methacrylic anhydride and maleic anhydride, whereas attempts to functionalize the polymer with
itaconic acid led to premature crosslinking. While the maleic acid-functionalized polymers could
not be crosslinked to form hydrogels under the evaluated conditions, both methacrylamidefunctionalized polyesters, when formulated at 10% (m/v), formed hydrogels with high gel
content and minimal swelling upon free radical initiation with 10 mM KPS/TEMED at 37 ºC.
The compressive moduli of the hydrogels were similar to that of soft tissues. ASCs were
successfully encapsulated during hydrogel formation and remained more than 80% viable for 7
days in the Asp-PEG-600-ME hydrogels. Overall, these Asp-PEG-600-ME hydrogels warrant
further investigation as a potential platform for ASC delivery. In addition, given the high gel
content of the hydrogels, in future work it will be worthwhile to explore whether the degree of
methacrylation can be reduced to reserve some of the pendent amines for the conjugation of
moieties to promote cell adhesion and differentiation or further tune the hydrogel properties.
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